Reduced concentrations of glutamine (GLN) in plasma and
various cells of the immune system. In these organs, GLN serves as an energy substrate (intestine), acts as a glucose precursor (intestine, liver), counteracts acidosis (kidney), and is possibly responsible for the regulation of intracellular water content in skeletal muscle. Low concentrations of GLN suppress spontaneous transformation in neoplastic NIH-3T3 cells, inhibit mitogen-induced T-cell proliferation, decrease the capacity of murine macrophages to phagocytose opsonized particles, reduce differentiation of B cells into plasma cells, and diminish the generation of lymphokine-activated killer cells.'-" In addition, GLN influences M C $ RNA synthesis and IL-l secretion.'." Because both low blood GLN level and reduced HLA-DR expression are indicative for the prognosis of septic patients, and as the administration of GLN reduces the rate of infection after bone marrow transplantation, we examined whether GLN modulates the cell surface marker expression and function of human monocytes from healthy donors in vitro,"ll-15
MATERIALS AND METHODS

Antibodies.
Monoclonal antibody (MoAb) 32.2 against Fc IgG receptor type I (anti-FcyRIICD64), was obtained from Medarex Inc (W. Lebanon, NH); MoAb Leu1 la against Fc IgG receptor type 111 (FcyRIII/CD16), anti-complement receptor type 3 (CR3, CD1 lb/ CD18), anti-CR4 (CDlldCD18). and anti-CD14 were from Becton Dickinson (San Jose, CA); anti-HLA-DR and anti-transferrin receptorKD71 were from DAKO (Glostrup, Denmark); and anti-intercellular adhesion molecule 1 (ICAM-l/CDSe) was purchased from Immunotech (Marseille, France).
Cell isolation and culture. Heparinized whole blood ( S 0 0 mL) was collected from healthy donors and separated by Ficoll-Paque density gradient centrifugation, and monocytes were isolated from peripheral blood mononuclear cells (PBMC) by centrifugal elutriation.I6 Cell viability, assessed by trypan blue exclusion, varied between 95% and 98%. About 85% to 95% of cells were scored as monocytes, as judged by typical morphology of Giemsa-stained cytospin preparations, nonspecific esterase type-] staining, and expression of CD14.I6 Of the remaining cells, 4% to 7% were CD16', 3% to 6% CD3+, and I % to 4% granulocytes. To prevent cell adhesion, and thus possible activation, monocytes were incubated in teflonfluorinated ethylene propylene bottles (Nalgene Labware, Rochester. NY). Monocytes from healthy donors were cultured for 7 Vienna, Austria). Cells were washed threc times and resuspended in 300 pL of HBSS supplcmented with I pglmL propidium iodide to allow exclusion of dead cells. The viability of cultured monocytes ranged between 75% and 9 0 9 and was independent of the GLN concentration. At least IOJ cells were analyzed on a FACScan (Becton Dickinson. San Jose, CA). The data were collected with 4 decade logarithmic amplification and expressed as arbitrary units of mean channel fluorescence (MCF). During this study, identical instrument settings were used.
Antipen-pre.ser?tinp captrcie. Monocytes were harvested after 7 days in culture, irradiated (0.06 Cy for 6 minutes), stimulated with optimal concentration of tetanus-toxoid (established in preliminary experiments). and cultured for 24 hours in the ahove-indicated tissue culture medium." Donor lymphocytes were then added. and the cell preparation was incubated in 2 mmol/L GLN for 4 days. Eight hours before freezing (-20°C). cells were pulsed with "-thymidine ( I pCi per well). Freeze-thawed cells were harvested onto glass fiber filters with a semiautomatic cell harvester (Wallac, Turku, Finland). Filters were dried, and the incorporated activity was measured using a Betaplate liquid scintillation counter (LKB Wallac. Pharmacia. Turku, Finland).
Phapoc~tt~.si.s. Ox erythrocytes (Eo; ohtained from University of Veterinary Medicine, Vienna, Austria) were washed three times in saline and optimally sensitized with goat IgG anti-Eo antibodies (Eo-lgG: purchased from Cappel Labs. Downingtown. PA). Monocytes and Eo-lgG were mixed, centrifuged. and incubated for 40 minutes at 37°C. Nonphagocytozed EO-lgG were lysed, and the percentage of phagocytic cells was estimated by light microscopy. Immunoglobulin-opsonized and FITC-conjugated Eschcrirhicr coli (Phagotest: Orpegen. Heidelberg. Germany) was additionally opsonized with complement-containing autologous serum. Cells (2 X 10") and bacteria (2 X 10') were incubated for 10 minutes at 37°C. washed, quenched. and fixed according to the manufacturer's procedure. The percentage of phagocytic cells and the MCF were determined by FACScan analysis.Ix FITC-labeled latex beads (Fluoresbrite plain YG, 0.75 pm in 0) were ohtained from Polysciences Inc (Warrington, PA). Monocytes (2 X 10') and beads (8 X 10") were incubated for 1 hour at 37°C. shifted over FCS. centrifuged. washed. and analyzed by fluorescence-activated cell sorting (FACS).
Determination of i r r r r a d l d a r ntlerrosinc rriplrosphnte (ATP). At the end of the incubation period. cells were harvested. Cell aliquots (IO') were centrifuged and lysed by the addition of 250 pL of 0.5 molL HCIO,. The pH was then neutralized with 1 mollL K2CO3. and the lysates were transferred into cups and centrifuged. Supernatants were then analyzed for ATP content.'" ATP was measured by bioluminescence using an ATP-monitoring reagent (BioOrbit, Turku, Finland) and a Luminometer (Berthold GmbH Rr Co.
Bad Wildbach, Germany). Influence of GLN on the expression of HLA-DR antigen and on the tetanus toxoid-specific antigen-presenting capacity. Monocytes were cultured for 7 days with t h e indicated concentrations of GLN. The expression of HLA-DR antigen (MCFI was determined by a FACScan analysis. T-cell proliferation was measured by a p-counter and indicates t h e incorporation of 3H-thymidine in proliferating lymphocytes. Data with monocytes from six apparently healthy donors represent the mean f SD. A statistically significant decrease in comparison to 2 mmolL GLN, Student's t-test: 'P < .05, **P < .01, ***P < ,001.
RESULTS
1nfloerrc.e of GLN on HLA-DR antigen expression and antigen-preserlting ccrpncie. Monocytes were cultured for 7 days with various concentrations of GLN and harvested, and the expression of HLA-DR was analyzed by flow cytometry. After this incubation period. they may be considered as monocyte-derived Md. The basal level of HLA-DR expression was significantly inhibited at 0.05 to 1 mmol/L GLN (Fig 1 ) . The capacity of monocyte-derived Md, to present tetanus-toxoid to T helper lymphocytes, as determined by 'H-thymidine uptake, was also diminished in a concentration-dependent manner.
l?ffccts on FcyRIKD64 expre.rsion nnd phagocytosis of IgG-sensi/ized ox Eo. The expression of the high affinity receptor for IgG (FcyRI) on monocytes cultured with low concentrations of GLN (0.05 to 0.3 mmolL) was significantly downregulated (Fig 2) . Furthermore. the capacity of peripheral blood monocytes. cultured with low concentrations of GLN (0.05 to 0.6 mmol/L), to phagocytose Eo-IgG was significantly reduced.
effects of GLN concentrotions on the expression of complement receptors and pkogocvtosis of opsonized E coli. CR3 (Mac-l, CD1 Ib/CD18) is relatively well expressed on resting human blood monocytes, and low concentrations of GLN significantly suppressed CR3 expression (Fig 3) . Furthermore, the percentage of monocyte-derived Md ingesting opsonized E coli was slightly diminished.
Inplcence 011 the expression qf other cell s~trfoce markers. The results depicted in Table 1 show in low concentrations of GLN (0.3 to 0.05 mmol/L) express significantly less CR4 (CD1 IcICDI 8) than cells incubated with higher concentrations. The expression of the receptor for ICAM-IKD54 was also downregulated in a concentration-dependent manner. CD14, which is highly expressed on the cell surface of human monocytes from healthy donors, was not significantly influenced by GLN. No effects on the expression of the low affinity receptor for IgG (FcyRIIIl CD 16) and the receptor for transfemrdCD7 1 were observed. The percentage of FcyRIII antigen-bearing monocytes ranged between 12.7% and 14%.
The capacity of monocyte-derived M 4 to ingest FITCconjugated latex beads varied between 88% and 91%. and in contrast to FcyR-or CR3-mediated phagocytosis, their phagocytic properties were independent of GLN concentration ( Table 2) .
Dependence of cellular ATP levels on GLN levels. As shown in Fig 4, the ATP levels decreased significantly when monocytes were cultured with 0.2 or 0.05 mmolIL GLN. The mean 100% ATP content per IO" cells in four experiments was 2.695 2 0.52 nmolIL.
DISCUSSION
Monocytes are circulating blood precursors of tissue M 4 and play a central role in the immune response. In the present study, freshly isolated peripheral blood monocytes were cultured for 7 days in the presence of various concentrations of GLN. After this incubation period, they resemble M 4 in many respects and are, therefore, termed monocyte-derived MC$. Monocytes and M 4 express cell surface antigens with a wide variety of functions. The gene products HLA-DR, DQ, and DP of the MHC class I1 complex are essential in presentation of intracellularly processed antigens to CD4' T cells. Cell surface markers such as FcyRIICD64, FcyRIIl CD32, FcaRXD89, FccRIIICD23, FccRI, and receptors for complement (CR IICD35, CR3ICDI I b, and CR4ICD I IC) are expressed by monocytes, and some of these structures are important in the internalization and destruction of opsonized particles. Other molecules, such as the receptors for FcyRIIII CD16 and transferrin/CD71, are under resting conditions poorly expressed on blood monocytes. Monocytes and M 4 also constitutively express the CD14 antigen, which is a differentiation marker. Furthermore, the CD14 antigen binds to the lipid A moiety of bacterial lipopolysaccharide (LPS) and LPS-binding protein, playing an important role in cell activation and stimulation for cytokine production (eg, TNFThe current study shows that both the expression of various cell surface molecules and the function of monocytes are also regulated by GLN. The expression of HLA-DR, FcyRIICD64, CR3 (CD1 1 bICD1 8). and CR4 (CD I I c/ CD1 8) antigens were downregulated by GLN in a concentration-dependent manner, whereas the expression of CD14, CD7 1, and FcyRIIIICD16 was GLN-independent.
Decreasing the concentration of GLN from 2 mmol/L (normally used for in vitro cell culture) to SO pnol/L reduced HLA-DR expression by 58%. pmol/L reduced the mitogen-induced T-lymphocyte proliferation to 20%, and at 50 pmoVL, to 50%.* Therefore, in vivo GLN may additively influence the capacity of monocytes to present various antigens to lymphocytes by reducing HLA-DR expression and lymphocyte proliferation. Metabolic investigations performed with lymphocytes and M 4 have shown that these cells have a high GLN use GLN is responsible for energy generation and provides intermediates in the biosynthesis of purine and pyrimidine nucleotides, which are required for the synthesis of nucleic acids. Our data show that monocytes cultivated with a reduced amount of GLN have low ATP levels. Depletion of ATP levels can alter the organization of the cytoskelet~n?~*~~ which possibly affects antigen expression and phagocytosis. A protective effect of GLN on intracellular ATP levels has already described in endothelial cells during oxidant injury." However, the exact mechanism by which GLN depletion reduces Tcell prolifertion and modifies Ag expression and function of monocytes and whether cytokine production is modulated by GLN are not yet clear. Studies on monocytes from patients with reduced plasma GLN and after GLN substitution will determine whether these in vitro results have clinical relevance.
ICAM-UCD54, the receptor for lymphocyte function-associated antigen-l (LFA-1) on antigen-presenting cells, is involved in the costimulation of resting T cells. In the present study, the constitutive expression of this accessory molecule on monocytes was also significantly downregulated by low concentrations of GLN. The expression of CD14, the LPSbinding protein receptor on the monocytes, and CD7 1, the transferrin receptor, was not affected by lowering the GLN concentrations.
Depletion of GLN was correlated with altered phagocytic ability of monocytes. Low GLN concentrations led to a downregulation of the markers responsible for the phagocytic capacity of monocytes, such as the high affinity receptor for IgG (FcyRVCD64) and CR3 (CD1 lb/CD18). Previous in vitro studies revealed that the ability of murine peritoneal M 4 to phagocytose I2'I-labeled yeast cell walls (Zymosan) or "Cr-labeled sheep red blood cells is dependent on the concentration of GLN.8.9 These results partly confirm our findings. The phagocytosis of IgG sensitized ox Eo was significantly reduced under lowered GLN concentrations. There was also a tendency of diminished phagocytosis of opsonized E coli. However, in contrast to the results obtained with murine M$, in our study, the phagocytosis of latex particles by monocyte-derived M 4 was not influenced by GLN. Prognostic relevance of HLA-DR expression on monocytes in septic patients has been described, where a reduction of HLA-DR expression of more than 70% correlates with patient mortality: However, in these clinical studies, the plasma GLN levels were not monitored, and therefore, we can only hypothesize that low plasma GLN concentrations may have contributed to the reduced HLA-DR expression on monocytes in these patients. LPS is one of the main mediators in sepsis and is known to influence monocyte function both in vivo and in vitro. In our experimental system, LPS levels in the culture medium were below 0.2 ng/mL. Though several investigators consider these LPS levels as LPS-free," effects on specific functions of monocytes have also been reported at levels of LPS between 10 and 100 pg/rnL, eg, inhibition of interferongamma-induced Fc receptor expression and of respiratory burst capa~ity.'~.'~ Contradictory effects of LPS on HLA-DR expression on monocytes have been described. In one study, a downregulation of monocytic HLA-DR expression was revealed after stimulation with LPS concentrations up to 1 pgImL,28 whereas another study described an upregulation of HLA-DR expression." In our opinion, the concentrations of LPS monitored in our culture medium are unlikely to influence the expression of cell surface markers, but a contributory role of LPS cannot entirely be excluded. Future experiments performed with different concentrations of GLN and exogeneous LPS should clarify whether there is a combined or adverse effect of these two mediators.
In conclusion, our data show for the first time that the expression of various antigens on human monocytes from apparently healthy volunteers is dependent on the GLN concentration in cell culture. These findings may be of clinical relevance, because monocytes from critically ill patients have both low GLN levels and a reduced expression of HLA-DR. However, the in vivo findings of low GLN and decreased HLA-DR expression may also be the coincidental result of some other perturbation, rather than evidence of a cause-and-effect relationship. Our in vitro study shows that depletion of GLN correlates with altered phagocytic ability of monocytes and suggests a possible relationship between GLN depletion and decreased expression of certain cell surface antigens on monocytes.
